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OGG1CpG dinucleotides are targets for epigenetic methylation, many of them bearing 5-methylcytosine
(mCyt) in the human genome. Guanine in this context can be easily oxidized to 8-oxoguanine (oxo-
Gua), which is repaired by 8-oxoguanine-DNA glycosylase (OGG1). We have studied howmethylation
affects the efﬁciency of oxoGua excision from damaged CpG dinucleotides. Methylation of the adja-
cent cytosine moderately decreased the oxoGua excision rate while methylation opposite oxoGua
lowered the rate of product release. Cytosine methylation abolished stimulation of OGG1 by repair
endonuclease APEX1. The OGG1 S326C polymorphic variant associated with lung cancer showed
poorer base excision and lost sensitivity to the opposite-base methylation. The overall repair in
the system reconstituted from puriﬁed proteins decreased for CpG with mCyt in the damaged
strand.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Methylation of cytosine at C5 in CpG dinucleotides is an epige-
netic modiﬁcation almost universally used by higher eukaryotes to
regulate gene expression [1,2]. Two mechanisms accounting for
the change in gene activity by methylation have been described:
direct changes in the afﬁnity of transcription factors for their rec-
ognition sites [3,4] and recognition of 5-methylcytosine (mCyt,
Fig. 1A) by speciﬁc binding proteins that further modulate the
accessibility of CpG-containing DNA for transcription factors
through direct competition or various modes of chromatin
remodeling [5,6]. Proper establishment or removal of methylation
at CpG is critical for developmental regulation and suppression of
carcinogenesis [7,8].
While cytosine in CpG is the methylation mark carrier, its
neighbor, guanine, is often a target for DNA damage. Notably,
guanine is easily oxidized to produce 8-oxoguanine (oxoGua,
Fig. 1B) [9], a pre-mutagenic base instructing DNA polymerasesto incorporate dAMP opposite it and thus inducing G?T transver-
sions [10]. The adverse effects of oxoGua in humans are normally
kept in check by the base excision DNA repair (BER) system: a spe-
ciﬁc 8-oxoguanine-DNA glycosylase (OGG1) excises the damaged
base, and then abasic site endonuclease (APEX1), DNA polymerase
b (POLB), and DNA ligase IIIa conclude the repair replacing the
damaged nucleotide with a regular one [11]. Other subpathways
and participating proteins can be involved in oxoGua repair but
it inevitably starts with the action of OGG1 and APEX1 [12].
Conservative estimates put the level of oxoGua in human DNA
at 1/106 guanines, with a potential to increase many fold under
oxidative stress conditions [13]. The frequency of CpG dinucleo-
tides in the human genome is 1% [14]; considering the size of
the human diploid genome is 6  109 nucleotide pairs, it would
contain6  107 CpG dinucleotides, each with two guanines. Thus,
each human diploid cell at any moment will harbor 120 CpG
dinucleotides containing a spontaneously formed oxoGua base.
Moreover, chromatin remodeling involving histone demethylation
locally produces reactive oxygen species that oxidize guanine [15].
In mammals, 70–80% of CpG dinucleotides is methylated [16],
making the appearance of oxoGua in the methylated CpG context
a potentially biologically relevant event. It is well known that
mCyt, being easily deaminated to thymine, carries a mutagenic
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Fig. 1. (A) Structure of modiﬁed bases used in this work. (B) Schematic structure of the substrates (six central base pairs are shown). oG, 8-oxoguanine, mC, 5-methylcytosine.
The strand containing 8-oxoguanine was 32P-labeled. (C) Kinetic scheme of catalysis by OGG1. DNAoG, DNA containing 8-oxoguanine; DNAAP, DNA containing AP site after
oxoGua excision; DNAnick, ﬁnal nicked product after b-elimination.
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point mutations in humans; however, guanine in this context is
also a mutation hotspot [17].
As a part of an attempt to understand the interplay between
epigenetic methylation, DNA damage, and DNA repair, in this paper
we have characterized the action of BER enzymes on oxoGua in
non-methylated, hemimethylated and fully methylated CpG
dinucleotides.
2. Materials and methods
2.1. Oligonucleotides and enzymes
Recombinant full-length wild-type human OGG1, its mutant
S326C form, Escherichia coli Fpg protein, human APEX1, and human
POLB were puriﬁed as described [18–22]. Bacteriophage T4 poly-
nucleotide kinase and DNA ligase were purchased from SibEnzyme
(Russia). c[32P]ATP and a[32P]dGTP were from Laboratory of Bio-
technology (Institute of Chemical Biology and Fundamental Medi-
cine). Oligonucleotides (Table 1) were synthesized from
commercially available phosphoramidites (Glen Research, Sterling,
VA) on an ASM-2000 DNA/RNA Synthesizer (Biosset, Russia) and
puriﬁed by reverse-phase HPLC on a PRP-1 C18 column (Hamilton,
Reno, NV). The oligonucleotides were 50-labeled with 32P using
c[32P]ATP and T4 polynucleotide kinase according to the manufac-
turer’s protocol. The labeled oxoGua-containing oligonucleotides
were annealed to an appropriate complementary strand to form
the non-methylated substrate (CO annealed to CG, CO//CG), the
hemimethylated substrate containing mCyt in the damaged strand
(cis-hemimethylated, MO//CG) or in the non-damaged strand
(trans-hemimethylated, CO//MG), or a fully methylated substrate
(MO//MG) (Fig. 1B). The complementary strand was taken in a two-
fold molar excess to ensure that all labeled strand is in the duplex
form; as the afﬁnity of all used enzymes for single-stranded DNA is
low, this is not expected to affect the results.Table 1
Oligonucleotides used in this study.
Oligonucleotide ID Sequence
CO 50-GAGTGAGACXTCA
MO 50-GAGTGAGAYXTCA
CG 50-CCCAACTTGACGTC
MG 50-CCCAACTTGAXGT2.2. Kinetic experiments
The reaction mixture contained 50 mM Tris–HCl (pH 7.5),
100 mM NaCl, 1 mM EDTA, and 1 mM DTT. To determine the base
excision rate constant (k2), the mixture (120 ll) was supplemented
with 10 nM 32P-labeled DNA substrate and 200 nM OGG1, and the
reaction was allowed to proceed at 13 C for 20 s–120 min. At the
required time, 10-ll aliquots were withdrawn, quenched with 1 ll
of 1 M NaOH with 2-min heating at 95 C and neutralized with the
equal molar amount of HCl. An equal volume of formamide dye
solution (80% formamide, 20 mM Na-EDTA, 0.1% xylene cyanol,
0.1% bromophenol blue) was added, and the products were re-
solved by 20% denaturing PAGE and quantiﬁed using a Molecular
Imager FX (Bio-Rad, Hercules, CA). The data were ﬁt to a single
turnover equation:
½PðtÞ ¼ ½S0ð1 ek2tÞ
where [S]0 and [P] are the initial substrate concentration and prod-
uct concentration, respectively, and t is reaction time. To determine
the product release rate constant (k3), the mixture (60 ll) was sup-
plemented with 100 nM 32P-labeled DNA substrate and 5 nM OGG1,
and the reaction was allowed to proceed at 37 C for 1–7 min. The
reaction progress was followed as above save for alkaline treatment.
The data were ﬁt to a burst rate equation:
k3 ¼ m½E0
where [E]0 is the OGG1 concentration, and v is the rate of product
accumulation calculated from the linear part of the reaction
progress curve. In all cases, the rate constants were calculated from
at least three independent experiments using SigmaPlot v9.0
(Systat Software, Chicago, IL). Statistical difference between the
calculated parameters was estimated by F test [23] using R
software package.Modiﬁcation
AGTTGGG-30 X = oxoGua
AGTTGGG-30 X = oxoGua, Y = mCyt
TCACTC-30
CTCACTC-30 X = mCyt
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The reaction was performed under the burst phase conditions
described above except 5 mM MgCl2 substituted for EDTA. The
concentration of OGG1 was 10 nM, and that of APEX1, 100 nM.
The products were analyzed as described in the previous section.
2.4. Reconstitution of base excision repair
The reaction mixture (20 ll) included 20 nM DNA substrate,
50 mM Tris–HCl (pH 7.8), 10 mM MgCl2, 10 mM DTT, 1 mM ATP,
0.25 mM dGTP (or 2.5 lM dGTP spiked with 0.01 MBq of
a[32P]dGTP in the [32P]dGMP incorporation experiments) or each
dNTP, 100 nM OGG1, 100 nM APEX1, 100 nM POLB, and 5 cohesive
end units of phage T4 DNA ligase. The reactions were carried out for
30 min at 37 C, quenched by NaOH as described above, and ana-
lyzed by PAGE. If necessary, the reaction was terminated by heating
for 15 min at 95 C and slowly cooled to the room temperature over
2 h to allow re-annealing, then Fpg was added to 100 nM and incu-
bated for 20 min at 37 C to cleave all remaining oxoGua-containing
duplex.
3. Results and discussion
3.1. Removal of oxoGua from methylated CpG dinucleotides by OGG1
To estimate the effect of cytosine methylation on OGG1 activity,
we have used four types of oxoGua-containing substrates (Fig. 1B):
one non-methylated, two containing one mCyt (termed cis-
hemimethylated if mCyt and oxoGua are in the same strand and
trans-hemimethylated otherwise), and one containing mCyt in
both strands. We did not address the situation with two oxoGua
bases in the CpG dinucleotide because it would appear exceedingly
rarely and is probably of little biological relevance.
Kinetics of OGG1-catalyzed reaction deviates from the minimal
Michaelis–Menten scheme due to formation of a stable reaction
intermediate [20,21]. After initial binding, the enzyme hydrolyzes
the N-glycosidic bond of the damaged nucleotide, leaving an
abasic (AP) site, which is then slowly cleaved by b-elimination
and released (Fig. 1C; k2  k3). Although KM can be formally
determined for such a scheme, it is a more complicated
combination of rate constants than in the minimal scheme and
provides little information on the reaction mechanism. However,
in this case, k2, the rate constant of damaged base release, and
k3, the rate constant of product release (principally reﬂectingFig. 2. Determination of k2 and k3 for OGG1. (A) Time course of oxoGua excision und
containing DNA. (B) Time course of DNA nicking under burst rate conditions to determin
the CO//CG substrate is shown (mean ± S.D., n = 3, lines are ﬁts to the respective equatiothe rate-limiting step of b-elimination), can be measured
separately in single turnover and burst rate experiments, respec-
tively. In single turnover experiments, the enzyme is in a large
excess over the substrate, and the time course of base excision,
revealed by alkaline treatment of the reaction products, follows
exponential increase to a maximum (Fig. 2A, see also Section
2.2). In burst rate experiments, the substrate is in a large excess,
and the nicked product (observed in the absence of NaOH) shows
a fast initial burst and then accumulates linearly, limited by the
enzyme turnover (Fig. 2B, see also Section 2.2). The amplitude
of the burst equals the active enzyme concentration, providing
an internal check of data consistency.
From these experiments, k2 and k3 were determined (Table 2).
Note that these two rate constants cannot be compared directly
to each other: due to fast rate or base excision, k2 could not be reli-
ably estimated at 37 C (>90% cleavage at the ﬁrst time point; not
shown), so the single turnover experiments were performed at
13 C. Thus, the values of k2 at 37 C will be 5- to 10-fold higher,
depending on the exact temperature coefﬁcient of the reaction.
The results show that, in general, OGG1 efﬁciently removes oxoGua
from CpG dinucleotides in all methylation contexts; however, the
presence of mCyt opposite oxoGua, in both hemimethylated and
fully methylated CpG, negatively affects k3, whereas the cis-
hemimethylated substrate is processed with a lower k2. The same
tendencies were observed when 5 mM MgCl2 substituted for EDTA
(Table 2), although MgCl2 had an overall inhibitory effect on the
reaction [24].
The effect of opposite-base methylation may be rationalized
from the structure of OGG1DNA complex [25]. When bound to
OGG1, damaged DNA is kinked, and the bases adjacent to the cyto-
sine opposite oxoGua pack against C5 atom of the cytosine that
would sterically strain the C5 methyl group if mCyt were present
(Supplementary Fig. 1A and B). Also, a water molecule is present
near C5 in all OGG1 structures along the reaction coordinate
[25–27], coordinated with adjacent protein and DNA residues
and possibly forming part of the strict OGG1 speciﬁcity determi-
nant for Cyt as the opposite base; k3 is mostly affected when other
bases are present against oxoGua [28]. Thus, distortion of the
OGG1DNAAP complex by the presence of a methyl group at C5
could interfere with the correct positioning of reacting groups re-
quired for b-elimination. The inﬂuence of the cis-hemimethylation
on k2 is harder to explain structurally, since all solved structures of
OGG1DNA complexes contain adenine in this position. In any case,
changes in OGG1 activity due to the presence of mCyt are within
the normal context-dependent variation [29].er single turnover conditions to determine k2. [DNAAP], concentration of AP site-
e k3. [DNAnick], concentration of the product of b-elimination. In both plots, data for
ns; see Section 2.2).
Table 2
The values of k2 and k3 for oxoG excision from CpG dinucleotides by wild-type OGG1 and OGG1 S326C.
Substrate Conditions Wild-type OGG1 OGG1 S326C
k2 (min1) k3 (min1) k2 (min1) k3 (min1)
CO//CG (non-methylated) EDTA 1.5 ± 0.2a 0.64 ± 0.09a 0.17 ± 0.02a,b 0.70 ± 0.09
Mg2+ 0.091 ± 0.008 0.30 ± 0.10 0.05 ± 0.02b 0.67 ± 0.08b
MO//CG (cis-hemimethylated) EDTA 0.79 ± 0.07a,c 0.77 ± 0.08a 0.09 ± 0.01a,b,c 0.54 ± 0.06b
Mg2+ 0.051 ± 0.004c 0.31 ± 0.05 0.015 ± 0.005b,c 0.66 ± 0.02b
CO//MG(trans-hemimethylated) EDTA 1.2 ± 0.2a 0.33 ± 0.03a,c 0.47 ± 0.06a,b,c 1.00 ± 0.09a,b,c
Mg2+ 0.17 ± 0.03c 0.13 ± 0.04c 0.08 ± 0.04b 0.68 ± 0.04b
MO//MG(fully methylated) EDTA 1.6 ± 0.2a 0.37 ± 0.05c 0.39 ± 0.08a,b,c 0.55 ± 0.09
Mg2+ 0.10 ± 0.02 0.25 ± 0.06 0.09 ± 0.05 0.69 ± 0.05b
a Statisticaly different from Mg2+ conditions (F-test, P < 0.05).
b Statistically different from wild-type (F-test, P < 0.05).
c Statistically different from CO//CG (F-test, P < 0.05).
Fig. 3. Stimulation of OGG1 by APEX1. The substrates were: (A) CO//CG; (B) MO//CG; (C) CO//MG; (D) MO//MG. Open circles are OGG1 alone, ﬁlled circles are OGG1 with
APEX1. See Section 2.3 for the reaction conditions. Mean ± S.D. are shown (n = 4). [DNAnick], concentration of the nicked product. The ordinate has the same scale in all panels.
The slope is statistically different between OGG1 with and without APEX1 (F-test, P < 0.05) only for the CO//CG substrate.
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S326C
OGG1 S326C is a polymorphic variant of OGG1 with a signiﬁ-
cant incidence in the human population (allele frequency from
<0.1 in Western Europe and Africa to 0.5 in East Asia), which is
associated with a moderately elevated risk of lung cancer, espe-
cially in people exposed to environmental stress (smoking, air pol-
lution) [30–32]. In many functional tests, puriﬁed OGG1 S326C or
extracts from OGG1 326Cys/Cys cells show impaired activity
[22,33–36], although the reasons for that are not entirely clear at
the moment; according to crystal structure, Ser326 is unlikely to
be involved in catalysis or oxoGua recognition but may rather af-
fect protein stability, folding, dimerization or cellular localization.
To assess the possible inﬂuence of S326C mutation on the inter-
action of OGG1 with CpG-substrates, the puriﬁed recombinant
protein was subject to the same set of kinetic experiments as
wild-type OGG1, and k2 and k3 were determined (Table 2). It
should be noted that our reactions were performed under reducing
(1 mM DTT) conditions, which support higher activity of OGG1
S326C preventing it from dimerization through disulﬁde bonds
between Cys326 residues [34,37]. The mutant was less active in
the repair of oxoGua, with the effect mostly due to a 3- to 9-fold
decrease in k2. The k3 rate constant was affected to a much lesser
degree or even increased up to 3-fold compared with the wild-type
OGG1. Considering the adjustment for temperature differences,
this may cause k2 to become comparable with k3 for some sub-
strates of OGG1 S326C, making substrate release not rate limiting.
Interestingly, the substrates with mCyt opposite oxoGua were
preferable to their Cyt counterparts by OGG1 S326C, and, unlike
in the wild-type enzyme, k3 was unaffected by the opposite Cyt
methylation. This observation is consistent with the reportedrelaxed opposite-base speciﬁcity of OGG1 S326C [34]. Therefore,
the S326C polymorphism of OGG1 is likely to affect the genomic
stability of CpG dinucleotides, possibly contributing to the methyl-
ation pattern disruption seen in tumors.
3.3. Stimulation of OGG1 by APEX1
Human AP endonuclease APEX1 is known to stimulate OGG1 by
increasing the turnover of the glycosylase [21,38–40]. Studies on a
number of OGG1 substrates have shown that APEX1 hardly affects
k2 of OGG1 but increases k3, sometimes up to a point where k3 is no
longer rate-limiting [21,41]. It has been suggested that APEX1
binds 50 to the OGG1 molecule retained at the nascent AP site
and directly displaces the glycosylase to expose the baseless
deoxyribose to the active site of APEX1 [21]. Hence, variation of
DNA structure 50 to oxoGua could affect the degree of OGG1 stim-
ulation by APEX1.
Since APEX1 is a Mg2+-dependent enzyme, we have replaced
EDTA in the reaction mixture with 5 mM MgCl2 and performed
the reaction under the burst phase conditions. This slowed down
the turnover of OGG1 (compare Fig. 3 and Fig. 2B), consistent with
the literature data [24]. However, addition of APEX1 caused a 3-
fold increase in the enzyme turnover rate for the non-methylated
substrate, evident from the increase in the slope of the linear part
of the time course curve (Fig. 3A). Both hemimethylated substrates
did not show the stimulation, whereas with the fully methylated
substrate, a moderate increase that was observed was not statisti-
cally signiﬁcant (Fig. 3B–D). Thus, methylation of CpG decreases
the stimulation of OGG1 by APEX1; since the glycosylase action
is rate-limiting for oxoGua repair, this may affect the overall efﬁ-
ciency of the BER process in methylated CpG. Although the magni-
tude of reaction condition effect for CO//CG was comparable with
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OGG1 over a variety of conditions, as reported in the literature
[21,38–41]. Therefore, lack of stimulation, also observed for several
OGG1 substrates of low speciﬁcity [41], may be relevant for the
substrate ﬂow through the multienzyme BER pathway.
3.4. Reconstitution of oxoGua repair in CpG-dinucleotides
To address the overall BER efﬁciency for oxoGua in methylated
CpG-dinucleotides, we reconstituted BER using puriﬁed recombi-
nant human OGG1, APEX1, POLB, and T4 DNA ligase (Fig. 4).
OGG1 alone excised the damaged base, the reaction outcome after
the alkaline treatment evident as a cleavage product (Fig. 4, lanes
3, 11, 19, and 27) co-migrating with the product of cleavage of
the same substrate by E. coli formamidopyrimidine-DNA glycosy-
lase (Fpg). When APEX1 was also added to the reaction mixture,
the labeled product rather unexpectedly migrated faster than the
alkaline elimination product, likely due to the 30?50 exonucleolytic
activity of APEX1, which is easily observed during BER [42,43]
(Fig. 4, lanes 4, 12, 20, and 28). When APEX1 cleavage is limited
to AP sites, it yields a product with a 30-terminal hydroxyl group,
which migrates slightly above the elimination band, present in
the case of the non-methylated substrate but not with the methyl-
ated ones. The mechanism of the strong exonuclease activity of
APEX1 and its relevance to methylation is currently under investi-
gation. POLB inserted dGMP in place of the damaged nucleotide
(Fig. 4, lanes 5, 13, 21, and 29) forming a ligatable end (Fig. 4, lanes
6, 14, 22, and 30) or fully extended the nascent primer when all
four dNTPs were present (not shown). When the reactions were
treated with Fpg after the repair, a signiﬁcant fraction (40–70%)
of the products was refractory to cleavage, indicative of the
replacement of oxoGua with the normal base (Fig. 4, lanes 8, 16,
24, and 32). The least efﬁcient repair was found for the cis-
hemimethylated substrate (Fig. 4, lane 16), while trans-hemime-
thylated and fully methylated substrates were repaired somewhat
better than the non-methylated one. While it is tempting to corre-
late the efﬁciency of the complete repair cycle with the kinetic
constants of OGG1 on the respective substrates, it would be prema-
ture for the multienzyme system in which different enzymes both
compete for the substrate and stimulate each other.
As an alternative assay, we have followed incorporation of a[32-
P]dGTP into an otherwise unlabeled oxoGua-containing duplexes(Supplementary Fig. 2). In all cases, we have observed incorpora-
tion of labeled [32P]dGMP by DNA polymerase, with the label going
into the band of the expected size of the fully repaired product
upon DNA ligase addition, with little apparent difference between
the four substrates.
Overall, we conclude that methylation of Cyt 50 to oxoGua may
interfere with efﬁcient repair of this lesion, partially explaining
why not only C, but also G in CpG-dinucleotides is a hot spot for
mutations [17]. All methylation seems to negatively affect the abil-
ity of APEX1 to stimulate OGG1. Moreover, the exonuclease activ-
ity of APEX1 may remove mCyt 50 to oxoGua, providing an
intriguing possibility for DNA demethylation coupled with oxida-
tive damage repair. It would be interesting to investigate whether
the in vitro results reported here would translate into methylation
effects on oxoGua repair in vivo.
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